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We have measured the temperature dependence of the in-plane London penetration depth Aaf,(r) 
and the maximum Josephson current IciT) using bicrystal grain boundary Josephson junctions of the 
electron-doped cuprate superconductor Ndi.85Ceo.i5Cu04_y. Both quantities reveal an anomalous 
temperature dependence below about 4K. In contrast to the usual monotonous decrease (increase) 
of \ab{T) {Ic{T)) with decreasing temperature, \ab{T) and Ic{T) are found to increase and de- 
crease, respectively, with decreasing temperature below 4K resulting in a non-monotonous overall 
temperature dependence. This anomalous behavior was found to be absent in analogous measure- 
ments performed on Pri,85Ceo.i5Cu04_y. From this we conclude that the anomalous behavior of 
Ndi.85Ceo.i5Cu04-y is caused by the presence of the Nd^"^ paramagnetic moments. Correcting the 
measured XatiT) dependence of Ndi.85Ceo.i5Cu04_y for the temperature dependent susceptibility 
due to the Nd moments, an exponential dependence is obtained indicating isotropic s-wave pairing. 
This result is fully consistent with the \ab(T) dependence measured for Pri,85Ceo.i5Cu04_y. 

PACS numbers: 74.25.Fy, 74.50. -Hr, 74.25.Ha, 74.72. Jt, 74.76.Bz 



The vast majority of experiments on the cuprate 
superconductors are performed on hole-doped materi- 
als. Much less attention has been paid to the system 
Ln2-xCe2^Cu04_y (with Ln = Pr, Nd, Sm, Eu) [|l| which 
represents an electron-doped material. Both hole- and 
electron-doped cuprates have in common the copper oxygen 
planes as the central building blocks of the high-temperature 
superconductors (HTS) suggesting similar superconducting 
properties. However, as can already be seen from the dif- 
ferences of the generic phase diagram on the electron- and 
hole-doped side, the physics of electron- and hole-doped 
HTS is different. In particular, the order parameter (OP) 
symmetry of the electron-doped cuprates is most likely of 
s-wave type (H-f), in contrast to the d-wave OP symmetry 
in the hole-doped HTS. To clarify the specific differences 
and similarities between the electron- and hole-doped HTS 
a more detailed experimental study of the electron-doped 
HTS is required. 

Among the electron-doped materials, up to now 
Nd2^2:Ce2;Cu04_j, has been the most intensively investi- 
gated material. This system is also remarkable because 
of the significant influence of the magnetic moment of 
the Nd'^^ ions, whereas in Pr2-xCe^Cu04_j, the Pr"^ ion 
has a singlet non-magnetic crystalline electric field ground 
state. It is well known that the specific heat Cp of 
Nd2-i;CexCu04_j, shows a Schottky anomaly at low tem- 
peratures and low Ce doping levels. This anomaly is at- 
tributed to the splitting of the Nd-4/ ground-state doublet 
due to interactions between the Nd moments and the or- 
dered Cu moments ||^. Surprisingly, a Cp anomaly also was 
found for x = 0.15, even though no Cu ordering is observed 
for a Ce concentration above x w 0.14 ||^. Compared to 
the Schottky anomaly at low Ce doping levels this anomaly 
is shifted to lower temperatures and is considerably broad- 
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ened. Furthermore, the observed large value of the linear 
specific heat coefficient 7 at temperatures below 1 K is still 
controversially discussed in terms of a novel type of heavy- 
and, alternatively, in terms of magnetic 
Nevertheless, it seems reasonable to 
assume that at high Ce doping levels the Nd-Cu exchange 
is strongly reduced and Nd-Nd interactions become more 
important inducing antiferromagnetic coupling along the c- 
direction 

In this Letter, we report on the investigation of the in- 
fluence of the Nd magnetic moments on the supercon- 
ducting properties of the fully oxygen reduced compound 
Ndi.85Ceo.i5Cu04_y (NCCO) with x = 0.15 having a max- 
imum critical temperature Tc « 24 K. We measured the 
T dependence of the in-plane London penetration depth 
Aab, of the maximum Josephson current /c, as well as of 
the energy gap A using bicrystal grain boundary Josephson 
junctions (GBJs). The advantage of the use of GBJs is that 
all three measurements can be done using the same sample 
thereby eliminating effects of different sample quality in the 
measurement of the different quantities. In order to clearly 
establish the effect of the Nd moments on the measured 
quantities comparative experiments have been performed 
on Pri.85Ceo.i5Cu04_y (PCCO). The basic result of our 
measurements is that for NCCO both Xab{T) and Lc{T) 
show pronounced anomalies below about 4 K, whereas such 
anomalies are absent for PCCO. The Aab(T) data of both 
NCCO, after being corrected for the influence of the Nd mo- 
ments, and PCCO is consistent with an isotropic s-wave OP. 
For 4 K< T < Tc the superconducting properties of NCCO 
and PCCO are similar suggesting that at low T the influence 
of the Nd'^^ moments causes the difference between the two 
materials. The observation that A(T) derived from tunnel- 
ing spectra is almost identical for both materials between 



2K and Tc indicates that the Nd moments are not coupled 
to the superconducting electron system by conduction me- 
diated processes. More likely, the Nd-Nd interactions affect 
the superconducting properties of NCCO only through rel- 
atively weak dipolar terms as already has been discussed 
e. g. in the case of the hole-doped system GdBa2Cu307_5 
p] ]. The observation of a decreasing Ic with decreasing 
T in NCCO Josephson junctions is a completely new effect 
that is believed to be also associated with the Nd magnetic 
moments. 

The NCCO- and PCCO-GBJs were fabricated by the de- 
position of c-axis oriented NCCO and PCCO thin films on 
SrTiOs bicrystal substrates with misorientation angles of 
7°, 10°, and 24° using molecular beam epitaxy (MBE). A 
detailed description of the fabrication process was given by 
Naito et al. H^]. Josephson behavior in NCCO-GBJs has 
been demonstrated by Kleefisch et al. [T^ ]. We stress that 
the demonstration of the Josephson effect for both NCCO 
and PCCO, the low resistivity values (below 50 /iilcm at 
25 K) and the value of about 24 K demonstrate that the 
thin film samples are optimum doped, well oxygen reduced, 
and single phase. This is important with respect to the 
possibility of inhomogeneous dopant distribution or the for- 
mation of different phases which is more difficult to control 
for large bulk single crystals. 
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FIG. 1. Relative change AAat of the London penetration 
depth in NCCO and PCCO as a function of temperature mea- 
sured for a symmetrical, 10° [001] tilt GBJs. 

The maximum Josephson current Ic of the GBJs was de- 
termined by standard four probe technique in a magnetically 
shielded environment. The measurement of AAa^ is based 
on the measurement of Ic as a function of an applied mag- 
netic field H\\c. GBJs formed in different HTS have been 
successfully used to determine the relative change 

AAafc(T) ^ A,b(T) - \ab{T ^ 0) 

\ab{T = 0) Xab{T = 0) 

of the in-plane London penetration depth Xab with the high 
precision of below 1 A. In this technique the shift of the side- 
lobes of the Ic{H) pattern of small Josephson junctions is 



measured as a function of T. Details of this measurement 
technique have been described elsewhere [ p4[ . 

In Fig. |]the relative change of Xab is plotted versus tem- 
perature. For PCCO, Xab{T) behaves exponentially at low 
T following AXab{T) oc v^A/Texp-'^/'^^^ as expected for 
a BCS-type isotropic s-wave superconductor [ p^ . In con- 
trast, for a d-wave superconductor, the nodes in the OP 
cause a linear behavior AXabiT) oc T/A p!^]. This linear 
behavior has been observed for hole doped HTS using the 
method described above [ p!4| . A d-wave behavior clearly is 
not consistent with the AXab{T) data measured for PCCO. 
We note that irrespective of the detailed OP symmetry, a 
monotonous AXab{T) dependence is expected in clear con- 
trast with the result obtained for NCCO below about 4K. 
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FIG. 2. Critical Josephson current density Jc vs. tempera- 
ture for symmetrical, 10° [001] tih NCCO- and PCCO-GBJs. 



In Fig. |, Jc{T) is plotted for NCCO- and PCCO-GBJs. 
Whereas a monotonous increase of /c(T) with decreasing T 
is found for PCCO, for NCCO Ic is found to decrease again 
at low T. A monotonous Ic{T) dependence as found for 
PCCO-GBJs is also observed for GBJs fabricated from the 
hole doped HTS. 

In order to interpret our NCCO data, at first sight it 
is tempting to assume a reduction of the superconduct- 
ing OP with decreasing T due to enhanced pair-beaking 
by magnetic scattering e. g. similar to the ternary molybde- 
num chalcogenides (Chevrel phases) [ p7[ . Then, a reduced 
superfluid density Ug could be the origin of the observed 
anomalies because of Jc cx and Xab{T) oc Xj ^fnl. How- 
ever, in tunneling measurements performed on the same 
samples no significant change of the gap value is observed 
at low T both for NCCO and PCCO. Moreover, the tun- 
neling conductance G at zero bias still decreases when T is 
lowered from 4 K to 2 K as shown in Fig. ^. These experi- 
mental facts give strong evidence against the assumption of 
reduced Ug or A as the origin of the observed anomalies. 

Next we briefly discuss whether the observed anomalies 
in Xab{T) and /c(T) can be caused by a d-wave OP. It 
has been both theoretically predicted and experimentally ob- 
served that Xab{T) can increase with decreasing T due to 
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so-called anti-Meissner currents related to Andreev bound 
states [ p^ , p!9| . However, assuming (i2,2_y2-symmetry of the 
OP the maximum spectral weight of such bound states is 
expected for interfaces close to the (110) orientation. As 
a consequence this effect has only been observed in large 
angle grain boundaries |jl^, whereas the T dependence of 
AAah(T) for small misorientation angles {9 < 24°) was 
found to behave linearly as expected for a d-wave OP p4[ . 
Furthermore, the YBCO-GBJs showing this kind of anomaly 
in Xab{T) also show a Ic{H) pattern that strongly deviates 
from a Fraunhofer pattern and has the maximum Ic value 
shifted to i7 ^ 0. This indicates the presence of nega- 
tive currents due to the d-wave symmetry of the OP in the 
electrodes [|o|. In contrast, the Ic{H) patterns of NCCO- 
and PCCO-GBJs are close to a regular Fraunhofer diffrac- 
tion pattern expected for an ideal Josephson junction 1 13|. 
Finally, the tunneling spectra measured for NCCO do not 
show any zero bias anomaly giving strong evidence for the 
absence of a sign change in the superconducting pair po- 
tential [H,E81e1J. These experimental facts exclude both a 



dx2_y2- and dj-^-symmetry of the OP for NCCO and PCCO. 
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FIG. 3. Tunneling conductance vs. voltage of a symmetri- 
cal, 24° [001] tilt NCCO-GBJ at 4.2 K and 2.2 K. 

We now discuss the influence of the Nd magnetic mo- 
ments on the measured T dependence of the London pen- 
etration depth of NCCO. The anomaly in the AAafc(r) de- 
pendence of NCCO can be understood by taking into ac- 
count the effective magnetic moment of the Nd'^^ ions as 
recently proposed by Cooper [ p^ . The measured param- 
agnetic susceptibility x of NCCO with the magnetic field 
applied parallel to the c-axis fits to a Curie-Weiss law 
x(T) — xo + C'/(r-t-0), where C is the Curie constant and 
Q the Curie-Weiss temperature [ p3j . This results in a mag- 
netic permeability //(T) = l+47rx(T) « 1+const./ {T+Q). 
In our analysis we assume that this dependence holds down 
to T « 2 K with C w 0.2 emu K/mole Nd (corresponding to 
an effective moment of about 1.2 ^ib per Nd'^^ ion). The 
effect of the strong T dependence of the magnetic suscepti- 
bility on Xab{T) is as follows: On the one hand, the solution 
of London's equation shows that the measured penetration 



depth has to be multiplied by the additional factor ^/JI{T) in 
order to reveal the London penetration depth mirroring the 
superfluid density ng. On the other hand, for the maximum 
Josephson current the flux density B — /i(T)/ioH threading 
the GBJ is relevant. Hence, in total, for our experimental 
method the measured penetration depth has to be divided 
by \/ l-i-{T) to reveal the intrinsic penetration depth reflect- 
ing Us- As can be seen from Fig. ^, the anomaly in Xab{T) 
can be entirely attributed to the influence of the T depen- 
dent permeability due to the Nd moments. After correcting 
the NCCO data they coincide with the PCCO data sup- 
porting the validity of the data correction. The intrinsic 
penetration depth derived in this way can be well fitted to 
the exponential T dependence of an isotropic s-wave super- 
conductor. Assuming a d-wave OP no reasonable fit could 
be obtained. We note that this result is in clear contrast to 
the recent conclusion of Cooper who suggested that Aa&(T) 
of NCCO might be consistent with a d-wave OP after data 
correction. In contrast, our data for both NCCO and PCCO 
is clearly consistent with an isotropic s-wave symmetry of 
the OP. We further note that there is still a discrepancy 
between tunneling measurements suggesting an anisotropic 
s-wave OP for NCCO and the present AXab{T) mea- 

surements indicating an almost isotropic s-wave OP for both 
NCCO and PCCO. However, both measurements are clearly 
noi consistent with a d-wave OP in the electron-doped HTS. 
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FIG. 4. AXab{T)/Xab{0) for NCCO and PCCO. The 
NCCO data is corrected as described in the text. 

We finally discuss the anomalous behavior of /c(T) for 
NCCO-GBJs. As shown in Fig. ^, Ic is reduced by about 
15% at 2 K as compared to the value extrapolated from 
the Ic{T) dependence at higher T. An equivalent reduction 
would be obtained by applying a magnetic field of about 
0.2 G. Since the anomalous /c(T) dependence is absent for 
the PCCO-GBJs, it is natural to attribute this effect also 
to the presence of the Nd magnetic moments. However, 
at present we have no conclusive theoretical understanding 
of the origin of the Ic{T) anomaly. From neutron scatter- 
ing experiments in NCCO with high Ce doping levels it has 
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been concluded that a short-range order of the diluted Nd 
moments is gradually established over a large temperature 
range with no clearly defined Neel temperature Unfor- 
tunately, until now it is unclear whether the NCCO samples 
used for neutron scattering were fully oxygen reduced and 
whether a possible Nd ordering can create a small effec- 
tive magnetic field reducing Ic- Another possibility is the 
creation of an effective field at the grain boundary inter- 
face due to disorder. To clarify the detailed origin of the 
anomalous /c(T) dependence, experiments directly probing 
the magnetic interactions in the optimum superconducting 
compound are desirable. Also, the possible presence of mag- 
netic flux in the grain boundary region might be checked 
by comparative scanning SQUID measurements on NCCO- 
and PCCO-GBJs. We finally note that our measurement 
can not exclude the possibility of a coupling of the Nd spin 
system to the conduction electrons at still lower tempera- 
tures (T < 1 K) [§]. We also would like to point out that 
anomalous A\ab{T) and Ic{T) dependencies are expected 
for magnetic rare-earth substituted hole-doped HTS |24|. 
However, in contrast to NCCO the corrected AAah(T) data 
are expected to be consistent with a d^2_y2-wave symmetry 
of the OP. 

As a consequence of the anomalous low T behavior of 
NCCO it is evident that Nd2-iCei:Cu04_y is not well suited 
for a detailed comparison of the superconducting prop- 
erties of electron-doped to the corresponding hole-doped 
cuprate superconductors. This is in particular important for 
measurements of Xab{T) and conclusions drawn from such 
measurements with respect to the symmetry of the OP. 
In this context some recent measurements have to be re- 
interpreted. For comparative measurements of the penetra- 
tion depth of hole- and electron-doped HTS at T < 4 K, the 
Pr doped compound certainly is the better choice. However, 
there is no problem with the results of tunneling measure- 
ments. It has been shown that there is no qualitative dif- 
ference in the tunneling spectra between NCCO and PCCO 
for2K<r<T, 

In conclusion, we have observed an anomalous low 
temperature dependence of the in-plane London pene- 
tration depth and the maximum Josephson current of 
Ndi.85Ceo.i5Cu04_y-GBJs. The absence of the anoma- 
lous behavior in Pri.85Ceo.i5Cu04_y-GBJs strongly sug- 
gests that the anomalies observed for NCCO are caused 
by the Nd'^+ magnetic moments. The anomalous Xab{T) 
dependence is in good agreement with theoretical predic- 
tions based on a Curie-Weiss type temperature dependence 
of the magnetic susceptibility of NCCO affecting the mea- 
surement of Xab{T). A possible d-wave order parameter 
symmetry in NCCO that also could account for an anoma- 
lous behavior can be excluded. In contrast, our Xab{T) data 
are consistent with an isotropic s-wave order parameter for 
both investigated electron-doped HTS. 
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